Appendix S1. Application of Thompson models
In this study, we collated count data from 15 shorebird sites and examined the count data from each site with scatter plots of abundance against day of year to determine the most appropriate model to use. Different model structures were required if 1) the species was stopping over or spending the entire non-breeding season at the shorebird site, and 2) there were individuals that did not migrate and were already present at the shorebird site.
The latter situation often arose in species with delayed maturity (Rogers et al. 2006) , in which immatures do not migrate north until they are 2-4 years old or undergo partial migration and spend the breeding season at a stopover site.
All models were calibrated using the non-linear modelling procedure in SYSTAT 12 (Systat Software
Inc 2007) with a least-squares loss function and Gauss-Newton algorithm. The procedure seeks for the combination of means and standard deviations of arrival times that best explain the observed counts. Before analysis, calendar days were transformed into the number of days since 1 June. The non-linear modelling procedure in SYSTAT is iterative, and starting values of the parameters to be estimated are needed for the calibrations. These values were guided by an initial visual assessment of the count data. A range of starting values were then used to check how robust our estimates were and this seldom made any difference to the final estimates of passage date (see Table S2 in Choi et al. 2015) . If estimates differed or the model did not converge when starting values were only changed by 1-2 days, convergence on local minima was suspected, and the results were discarded. The quality of the estimate was also evaluated based on the R-square, asymptotic standard error and the test statistic of the parameter estimates. A significance level of 80% was used in the test statistic of the parameter estimates due to the small samples and uncertainty in the precision of count data. In some cases, the models did not converge or the parameter estimates were not significantly different from zero, implying a poor fit of the model to the data, then the results were discarded. The models that were used in this study included the following: in cases where birds arrived and left the shorebird site within the study period, we calibrated the following model:
where j is the year index:
Count j, day is the observed number of birds present on the indicated day in year j, a j is a dummy variable set to 1 for observations in year j, and 0 otherwise, In cases where birds arrived and remained in the shorebird site over the study period, the following model applies.
, * , 1, 1
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In single year or in aggregated cases where some birds did not participate in the previous northward migration, and were therefore already present in the study area, the following model was applied to birds arriving during the study period and remaining there through the remaining study period. * , 1, 1
where R is the number of birds which did not participate in the previous northward migration.
Appendix S2. Thompson's modelling approach and the normality assumption
Thompson's shorebird migration models assume that the arrival date and departure date of migrating birds at stop-over sites follow a normal distribution. In this appendix, we explore whether these assumptions are reasonable for shorebirds. This was done with simulations, using plausible assumptions about population structure, departure dates from the breeding grounds, and passage dates, on the basis of published literature.
Checking normality assumptions of Thompson models 1. Is passage date of a single population of migratory shorebirds normally distributed?
Observations of waders departing on migration show that they tend to travel in relatively small flocks (Piersma et al. 1990 ), seldom as large as a few hundred birds; each flock is therefore only a tiny proportion of the overall population. The central limit theorem would predict normally distributed arrival dates and departure dates for a single shorebird population, given that each is the mean of a large number of independent random variables (the migration times of individual birds or small flocks).
This is illustrated by a simulation in which 1,000 random samples are taken from a normally distributed population with the parameters shown in Table S4 . As would be expected, the 1000 random samples also fitted a normal distribution (Shapiro-Wilk test, P>0.05, plots of data given in Figs S1 and S2) Thompson models run on random samples from this simulated population (Table S5 ) estimated the departure and arrival dates almost perfectly (save for very small rounding errors) provided they were based on four or more random samples (equivalent to counts). It is possible that shorebirds at the onset of migration do not target a single optimal day for migration departures. However there will be constraints on the periods in which they can initiate migration, imposed by such variables as climate conditions in the strongly seasonal habitats where they breed, physiological limits on refuelling, and other activities in their annual cycle. For example, shorebirds cannot migrate from a site before they have arrived there, and they cannot forage (or survive) in arctic breeding grounds after the onset of winter snows. Whatever the constraints may be, it is possible that migration might be centred on a discrete time period (i.e. a rectangular distribution) rather than a single optimal date. Table S6 .) Again there is a close fit between known arrival and departure dates, and those found from 1,000 random samples (Figures S2 and S4) . The fit was imperfect in the upper and lower tails, which are outside the ranges considered for the rectangular distribution, but as observations at these extremes are rare, it had little effect; the R 2 value was marginally lower (R 2 = 0.99982 rather than 0.99986) but the subsamples still approximated a normal distribution (Shapiro-Wilk tests, P>0.05) and again, Thompson models estimated the departure and arrival dates almost perfectly (save for very small rounding errors) provided they were based on four or more random samples. 
Does the passage date of a single population of migratory shorebirds remain normally distributed after they stage and then resume migration?
We simulated a population which staged in four sites, arriving at the first site on an average date of 7.5 days since June 1 (s.d. 2.0). One thousand individuals were randomly sampled from this population. Thereafter they independent, randomly drawn from populations with the parameters described above. Table S7 and Fig. S5 summarise the timing of this migration. At each staging site, the distributions were normal (Shapiro-Wilk tests, P> 0.05, Q-Q plots linear). A striking feature of the simulation is that the standard deviation of arrival date (i.e. the spread in arrival date over time) increases at each stage, being over twice the value obtained after the first stage. The simulation indicates that if there is no 'resetting of the clock', the spread of arrival dates will be higher if a population has made multiple stops than it will be if has just undertaken a single flight. On the other hand, the passage date remains normally distributed after the birds stage and then resume migration. A related and noteworthy feature of the simulation shown in Fig. S5 is that the maximum number of birds that arrive on any one day at a staging site is highest when standard deviations are low (i.e. when passage dates are compressed in time). 
Does the assumption of normality stand up if there are multiple cohorts in the population with different migration schedules?
It is likely that at most staging sites used on southwards migration, different cohorts of birds of the same species stage in the same area at slightly different times. On southward migration potential examples of such cohorts include:
1. Males and females migrating at slightly different times because one sex leaves the breeding grounds before the other. Striking extremes are found in lekking species such as Ruff in which one parent carries out all parental care while the other has no particular reason to remain on the breeding grounds after mating.
2. Successful breeders migrating later than failed breeders, as they needed to stay on the breeding grounds longer to rear young.
3. Birds from more northerly breeding grounds initiating (and thus finishing) breeding and starting migration later than those in more southerly breeding grounds, because of the later onset of the spring thaw in northern sites.
4. Juveniles migrating later than adults.
During southward migration, shorebird counters on the stop-over sites are seldom able to distinguish and count birds from different cohorts, and probably count mixed distributions in most cases. Distribution theory predicts that if two or more normal distributions are independent, the distribution of their sum will approximate a normal distribution (Snedecor and Cochrane 1989) , except in cases where the means are so divergent that there is little overlap between the distributions. This is illustrated in the simulations in Figure S6 . In the first simulation, there is extensive overlap in the passage dates of the earlier cohort ('failed breeders') and the later cohort ('successful breeders'). Although the passage dates of the summed distribution were not perfectly normally distributed (Shapiro-Wilk test, P <0.05), they approximated a normal distribution closely enough for
Thompson models of data randomly selected from the distribution to estimate average date, combined standard deviation and number of birds accurately. In the second example, passage dates of the two cohorts are so divergent that there is little overlap between the distributions, result in a clearly bimodal rather than normal distribution. Thompson models run on 6 randomly selected data points usually failed to converge, and if they did converge they underestimated the number birds, though the average arrival dates estimated were reasonably accurate.
The divergent distributions in the latter simulation were chosen as an extreme example, and we suspect this situation would seldom occur within adult shorebirds, as it would be unusual for only two clearly demarcated cohorts to be present. More typically we would expect multiple cohorts most with arrival dates between the extremes: failed and successful breeders of both sexes, and birds from the middle of the breeding range as well as the northerly and southerly extremes. This increases the likelihood of passage times being normally distributed on stop-over sites: 'any variable whose expression results from the additive contribution of many small effects will tend to be normally distributed' (Snedecor and Cochran 1989) . 
In what situations might the assumption of normality be inappropriate?
The two simulations below show two plausible scenarios in which uncritical use of Thompson models could lead to incorrect estimation of passage dates or number of staging shorebirds.
In this paper we estimated passage dates of juvenile and adult Great Knots at Yalu Jiang. Adults passed through this staging site considerably earlier than juveniles (Table S8, Fig. S7 ). It was possible to model the passage dates of juveniles and adults separately because the birds were aged directly in the field. Often this is not possible and the only data available modelling are counts of unaged birds. In such cases Thompson models estimate average passage dates of adults and juveniles combined. In sites where adults predominate and juveniles occur in low proportions (the usual situation in Australia (Minton et al. 2005) , average passage dates will be close to the passage dates of adults alone. However, it is possible for stop-over sites to hold larger numbers of juveniles than adults (e.g. Hong Kong in this study, Carey et al. 2001) . Cresswell (2014) suggested such situations could arise because juveniles do not know exactly where they are going and can thus be encountered on any passable stop-over sites they encounter on their first southward migration; in contrast adults, with the benefit of prior experience, select sites known to be favourable and avoid more marginal sites. In sites where juveniles predominate, average passage dates of adults and juveniles combined will be considerably later than in sites where adults predominate.
Moreover, as illustrated in the Yalu Jiang Great Knot example, the modelled results gave poor estimates of the number of birds and passage dates if both age-classes were combined for analysis. However, the modelled results improved substantially when the two age classes were analysed separately (Fig. S7) .
Importantly, these models indicated that the total number of Great Knots transiting was almost twice as many as the highest count observed at any one time, as there were two peaks composed of different age-classes (Table   S8 , Fig. S7 ; Bai et al. 2012) . Fig. S8 ). It is clear that in this scenario, changes in bird numbers at a stop-over site are not normally distributed (lower panel, Fig. S8 ). However, this would not necessarily be clear to an analyst attempting to model phenology of migration at a site of this kind, especially if they had date from a small number of counts during the migration period. Fig. S9 illustrates data obtained by random sampling from the simulation above (with the date of the first count selected randomly, and subsequent counts occurring at two-week intervals). We attempted to fit Thompson models to the data illustrated in Figure S8 . Models converged, but they did not give realistic answers (Table S10) . More seriously, the number of birds estimated fell far short of the sample of 10,000 in the simulation; instead it represented a rough estimate of the number of birds in the first and last of the modelled cohorts (which had 149 birds each in our simulated dataset). This simulated result is consistent with the substantially lower estimate of number of birds modelled, using actual count data of Great Knot in Yalu Jiang ( Table S8 ). The estimated dates in the simulation were also unrepresentative of the average of the entire simulated population, though they did correspond roughly to arrival date of the first cohort (15 days) and departure date of the last cohort (52.5 days). Table S10 . Results from fitting Thompson Models (Eqn S1) to the data illustrated in Fig. S8 Parameters are presented ± asymptotic standard error, except in cases where this could not be estimated.
